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A t  t h e  low s t a t i c  t empera tu res  and h i g h  p r e s s u r e s  used t o  s t u d y  superson ic  
combustion o f  hydrogen w i t h  v i t i a t e d  a i r ,  t h e  p r o g r e s s  o f  t h e  r e a c t i o n  i s  
i n h i b i t e d  by the  three-body r e a c t i o n  

H + 0 2 + M + H 0 2 + M  ( 4 )  

The amount o f  i n h i b i t i o n  i s  a f u n c t i o n  o f  t h e  p r e s s u r e ,  t empera tu re ,  and chap- 
e ron  e f f i c i e n c y  o f  t h e  t h i r d - b o d y  spec ies  ( M ) .  I g n i t i o n  d e l a y  t imes  c a l c u l a t e d  
w i t h  t h e  k i n e t i c  model o f  re fe rence  1 f o r  s t o i c h i o m e t r i c  hyd rogen-a i r  ( 1  atm, 
960 K ) ,  w i t h  and w i t h o u t  wa te r  vapor  demonst ra te  t h e  magnitude o f  t h i s  e f f e c t .  
The model showed t h a t  t h e  a d d i t i o n  o f  10 p e r c e n t  wa te r  vapor to  t h e  hydrogen-ai  
m i x t u r e  i nc reased  the  i g n i t i o n  d e l a y  t i m e  from 0.31 t o  14.2 msec. Experimen- 
t a l l y  de termined va lues  f o r  t h e  chaperon e f f i c i e n c y  of wa te r  range from 18.4 t o  
71. Since v i t i a t e d  a i r  can c o n t a i n  as much as 30 p e r c e n t  wa te r  vapor ,  t h e r e  i s  
a d e f i n i t e  need fo r  a b e t t e r  d e t e r m i n a t i o n  o f  t h e  chaperon e f f i c i e n c y  f o r  
wa te r .  

Recen t l y ,  S t e i n ,  Y e t t e r ,  and D r y e r  ( r e f .  2 )  r e p o r t e d  p r e l i m i n a r y  r e s u l t s ,  
o b t a i n e d  u s i n g  a f l ow  tube  r e a c t o r ,  f o r  t h e i r  s t u d y  o f  t h e  chaperon e f f i c i e n c y  
o f  carbon d i o x i d e  and w a t e r .  
l a r g e r  than  p r e s e n t  l i t e r a t u r e  v a l u e s  and shou ld  be c o n f i r m e d  b e f o r e  one 
accepts  t h e i r  water  v a l u e .  The purpose o f  t h e  p r e s e n t  work was t o  use t h e  
shock tube,  an e x c e l l e n t  tool f o r  s t u d y i n g  t h i s  r e a c t i o n  a t  h i g h  tempera tu res ,  
t o  de te rm ine  t h e  chaperon e f f i c i e n c y  for carbon d i o x i d e  and t o  compare t h e  
r e s u l t s  w i t h  those of S t e i n .  T h i s  was de te rm ined  by mode l ing  t h e  e x p e r i m e n t a l  
i g n i t i o n  d e l a y  t imes  for two m i x t u r e s  o f  hydrogen, oxygen, carbon d i o x i d e ,  and 
argon ( 4 / 2 / 0 / 9 4  and 4 /2 /10 /84>  beh ind  r e f l e c t e d  shock waves. 

The v a l u e  r e p o r t e d  f o r  carbon d i o x i d e  was much 

EXPERIMENTAL DETAILS 

The shock tube c o n s i s t e d  o f  a s i n g l e  p i e c e  o f  square,  s t a i n l e s s - s t e e l  
t u b i n g ,  5.7 m l ong ,  64 mm i . d .  on  a s i d e  w i th  13 mm-thick w a l l s .  The e n t i r e  
l e n g t h  o f  t h e  tube was ground t o  c o n s t a n t  i n s i d e  d imens ion  and t h e n  honed t o  a 
h i g h l y  p o l i s h e d  f i n i s h .  The assembled tube  c o u l d  be evacuated t o  a p r e s s u r e  
o f  about  1 p m  and had a l e a k  r a t e  o f  l e s s  t h a n  0 .2  pm/min. A l i q u i d  n i t r o g e n  
c o l d  t r a p  i n  t h e  vacuum l i n e  p r e v e n t e d  t h e  b a c k - m i g r a t i o n  o f  pump o i l  i n t o  t h e  
shock tube .  

Gas m i x t u r e s  ( t a b l e  I )  were p repared  by  t h e  method o f  p a r t i a l  p r e s s u r e s  
i n  3 4 . 4 - l i t e r  s t a i n l e s s  s t e e l  t a n k s .  The gases used t o  p r e p a r e  t h e  m i x t u r e s  
had s t a t e d  p u r i t i e s  of 99.99 p e r c e n t  for hydrogen, 99 .98  p e r c e n t  f o r  oxygen, 
99.8 p e r c e n t  fo r  carbon d i o x i d e ,  and 99.998 p e r c e n t  f o r  a rgon.  A l l  samples 
were prepared t o  a t o t a l  p r e s s u r e  o f  40 p s i a .  
spec ies  were known t o  b e t t e r  t han  1 p e r c e n t .  Soft aluminum diaphragms sepa- 
r a t e d  t h e  h igh -p ressu re  d r i v e r  ( h e l i u m )  gas from t h e  t e s t  gas. These d i a -  
phragms were p r e s s u r i z e d  t o  90 p e r c e n t  o f  t h e i r  b u r s t  p r e s s u r e  and then  p i e r c e d  
w i t h  a p i s t o n .  
i n s u r e d  t h a t  t h e  open ing  process  f o r  t h e  diaphragm was t h e  same i n  a l l  t e s t s .  
The shock s t r e n g t h  was v a r i e d  by  chang ing  t h e  mean mo la r  mass of t h e  d r i v e r  gas 
w i t h  t h e  a d d i t i o n  o f  argon. 

The c o n c e n t r a t i o n s  o f  a l l  

The d r i v e r  gas p r e s s u r e  was h e l d  c o n s t a n t  a t  60 p s i a ,  wh ich  

The tempera ture  and p r e s s u r e  beh ind  t h e  r e f l e c t e d  shock wave were ca l cu -  
l a t e d  from t h e  measured v e l o c i t y  of t h e  i n c i d e n t  shock wave, w i t h  t h e  shock 
program o f  Gordon and McBride ( r e f .  3). Since  t h e  r e a c t i o n  tempera tu re  must be 
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c a l c u l a t e d ,  i t  i s  v e r y  i m p o r t a n t  t o  measure t h e  i n i t i a l  tempera ture  and t h e  
shock v e l o c i t y  as a c c u r a t e l y  as p o s s i b l e .  The shock tube w a l l  t empera tu re  was 
measured by an i n s u l a t e d  thermocouple t o  b e t t e r  t han  0 . 5 O .  The t e s t  m i x t u r e  
was assumed t o  r a p i d l y  ach ieve  t h i s  tempera tu re .  The shock v e l o c i t y  was meas- 
u r e d  w i t h  two q u a r t z  p r e s s u r e  t r a n s d u c e r s  ( s t a t e d  r i s e  t i m e  psec)  l o c a t e d  7 and 
83 mm from the  r e f l e c t i n g  s u r f a c e .  A measurement made t h i s  c l o s e  t o  t h e  
r e f l e c t i n g  s u r f a c e  e l i m i n a t e s  concern  about  shock a t t e n u a t i o n .  The a m p l i f i e d  
o u t p u t s  form these t r a n s d u c e r s  were d i s p l a y e d  on a d i g i t a l  o s c i l l o s c o p e  (see 
f i g .  1 f o r  sample t r a c e s ) .  Data  p o i n t s  were reco rded  eve ry  0.2 p s e c .  A u s e f u l  
f e a t u r e  o f  t h i s  scope i s  t h a t  t h e  s c a l e  can be magn i f i ed  t o  a l l o w  each p o i n t  t o  
be viewed. T h i s  enab led  t h e  i n c i d e n t  shock v e l o c i t y  t o  be measured to  b e t t e r  
t han  0.1 p e r c e n t .  

The i g n i t i o n  d e l a y  t i m e  was measured by m o n i t o r i n g  t h e  p r e s s u r e  h i s t o r y  
beh ind  t h e  r e f l e c t e d  shock wave. The q u a r t z  p r e s s u r e  t r a n s d u c e r  l o c a t e d  7 mm 
from t h e  r e f l e c t i n g  s u r f a c e  was used f o r  t h i s  measurement. A n y l o n  h o l d e r  was 
des igned t o  c o m p l e t e l y  i s o l a t e  t h e  p r e s s u r e  t r a n s d u c e r  from t h e  me ta l  w a l l s  o f  
t h e  shock tube.  
measurement o f  t h e  t i m e  when t h e  p r e s s u r e  f i rs t  s t a r t e d  t o  r i s e  ( f i g .  2 ) .  

T h i s  produced a v e r y  q u i e t  p r e s s u r e  h i s t o r y  and a l l o w e d  t h e  

RESULTS AND DISCUSSION 

I g n i t i o n  De lay  Times 

The i g n i t i o n  d e l a y  t i m e  measured i n  these exper iments  was d e f i n e d  as t h e  
t i m e  i n t e r v a l  between shock r e f l e c t i o n  and t h e  i n i t i a l  r i s e  i n  t h e  i g n i t i o n  
p r e s s u r e .  The p r e s s u r e  change a t  t h e  t i m e  o f  t h e  i n i t i a l  r i s e  i s  e s t i m a t e d  t o  
be about  2 p e r c e n t .  A t y p i c a l  p r e s s u r e  h i s t o r y  i s  shown i n  f i g u r e  2 .  The gas 
c o m p o s i t i o n  ( 4  p e r c e n t  H 2 ,  2 p e r c e n t  02, 94 p e r c e n t  A r )  was s e l e c t e d  because 
i t  produced d e l a y  t i m e s  g r e a t e r  t h a n  100 psec i n  t h e  d e s i r e d  tempera tu re  range. 
T h i s  i s  i m p o r t a n t ,  s i n c e  p r e v i o u s  work ( r e f .  4)  suggests t h a t  even a t  a l oca -  
t i o n  7 mm from t h e  r e f l e c t i n g  s u r f a c e ,  a smal l  b u t  s i g n i f i c a n t  e r r o r  r e s u l t s  
f o r  d e l a y  t imes  l e s s  than  100 psec .  I g n i t i o n  d e l a y  t i m e  measurements for tem- 
p e r a t u r e s  o v e r  1300 K c o u l d  n o t  be used as t h e y  were q u i t e  d i f f i c u l t  t o  measure. 
T h i s  was because t h e  a m p l i t u d e  o f  t h e  exper imen ta l  i g n i t i o n  p r e s s u r e  s t e a d i l y  
decreased as t h e  r e a c t i o n  tempera tu re  i nc reased .  The lower  tempera tu re  1 i m i  t 
was imposed by  t h e  maximum a v a i l a b l e  t e s t  t i m e  beh ind  r e f l e c t e d  shock waves 
( f i g .  3). 
i n  t a b l e  I1 and p l o t t e d  i n  f i g u r e s  4 and 7 .  

I g n i t i o n  d e l a y  t i m e s  measured fo r  t h e  two gas m i x t u r e s  a r e  reco rded  

S c h o t t  ( r e f .  5) showed t h a t  t h e  i g n i t i o n  d e l a y  t i m e  fo r  a l l  o f  these d a t a  
c o u l d  be sca led  as ( d e l a y  t ime)x (oxygen  c o n c e n t r a t i o n ) .  S ince  a l l  o f  o u r  d a t a  
were o b t a i n e d  from gas m i x t u r e s  c o n t a i n i n g  2 p e r c e n t  oxygen, ( d e l a y  t i m e ) x  
( p r e s s u r e )  was p l o t t e d  a g a i n s t  r e c i p r o c a l  t empera tu re .  The dashed l i n e  o f  
f i g u r e  4 r e p r e s e n t s  i n c i d e n t  shock wave d a t a  of S c h o t t  c a l c u l a t e d  f o r  o u r  gas 
m i x t u r e  by  t h e  e q u a t i o n  

l o g  (E023~) = -10.647 + 3966/T 

H i s  i n c i d e n t  shock wave d a t a  a r e  about  20 p e r c e n t  lower  than  t h e  p r e s e n t  
r e f l e c t e d  shock wave d a t a .  T h i s  i s  e x a c t l y  t h e  b e h a v i o r  one would expec t  when 
i n c i d e n t  shock wave d a t a  have n o t  been c o r r e c t e d  for boundary l a y e r  e f f e c t s .  
B e l l e s  and Brabbs ( r e f .  6) showed t h a t  t h e  r e s i d e n c e  t i m e  would be 4 t o  
16 p e r c e n t  l o n g e r  when c o r r e c t i o n s  for t h e  boundary l a y e r  a r e  a p p l i e d .  
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K i n e t i c  Mechanism 

I g n i t i o n  d e l a y  t i m e s  were c a l c u l a t e d  w i t h  t h e  chemical  k i n e t i c  computer 
code o f  Radhakr ishnan and B i t t k e r  ( r e f .  7 )  and t h e  k i n e t i c  mechanism i n  
t a b l e  111. The hydrogen o x i d a t i o n  mechanism c o n s i s t s  o f  20 r e v e r s i b l e  reac -  
t i o n s  among 8 r e a c t i n g  spec ies .  Reverse r a t e s  w e r e  c a l c u l a t e d  v i a  t h e  e q u i -  
l i b r i u m  c o n s t a n t  and t h e  f o r w a r d  r a t e s .  A l l  r a t e  c o n s t a n t s  a r e  l i s t e d  as 
expressed i n  t h e  r e f e r e n c e s  and any v a r i a t i o n s  i n  t h e  r a t e :  a r e  shown i n  t h e  
ad jus tment  f a c t o r  column. 
t ime  a t  wh ich  t h e . p r e s s u r e  i n c r e a s e s  2 p e r c e n t ;  t h i s  corresponds t o  o u r  b e s t  
e s t i m a t e  o f  t h e  exper imen ta l  p r e s s u r e  a t  t h e  measured i g n i t i o n  d e l a y  t i m e .  

The computed i g n i t i o n  d e l a y  t i m e  was d e f i n e d  as t h e  

The k i n e t i c  model was f i t t e d  t o  t h e  h igh - tempera tu re  d a t a  by v a r y i n g  t h e  
r a t e s  of r e a c t i o n s  (21, ( 3 ) ,  and ( 7 ) :  

H + 02 + OH + 0 

0 + H2 + OH + H 

( 2 )  

( 3 )  

H2 + 02 + OH + FH ( 7 )  

(See t a b l e  111.) The r a t e  f o r  r e a c t i o n  ( 2 )  was i n c r e a s e d  20 p e r c e n t ,  wh ich  i s  
w e l l  w i t h i n  t h e  exper imen ta l  e r r o r  o f  t h e  d a t a .  T h i s  i n c r e a s e  i n  t h e  r a t e  o f  
r e a c t i o n  ( 2 )  b r o u g h t  i t  t o  w i t h i n  10 p e r c e n t  o f  Bau lchs '  recommended v a l u e  
( r e f .  8) and i n t o  agreement w i t h  t h e  v a l u e  recommended by  J u s t  ( r e f .  9 ) .  
Jachimowski ( r e f .  10) s t u d i e d  i n i t i a t i o n  r e a c t i o n  ( 7 )  and de te rm ined  a v a l u e  
o f  1 . 7 ~ 1 0 1 3  exp (-48150/RT> f o r  t h e  r a t e  c o n s t a n t .  
r a t e  c o n s t a n t  was good t o  w i t h i n  a f a c t o r  o f  3. Thus, t h e  f a c t o r  of 2 a d j u s t -  
ment for t h i s  r e a c t i o n  i s  w e l l  w i t h i n  h i s  e r r o r .  A t  t h e  low tempera tu re  end o f  
t h e  da ta ,  t h e  model was f i t t e d  by sma l l  ad jus tmen ts  i n  r e a c t i o n s  ( 4 )  and (12 ) :  

Acco rd ing  t o  him, t h e  

H + 02 + M +  H02 + M (4) 

H + H02 + OH + OH (12)  

Reac t ion  ( 1 2 )  i s  t h e  p r i m a r y  p a t h  by wh ich  H02 r a d i c a l s  a r e  consumed i n  t h e  
low p r e s s u r e  r e g i o n .  T h i s  r a t e  c o n s t a n t  was i n c r e a s e d  by  20 p e r c e n t .  

Once a f i t  t o  t h e  d a t a  was e s t a b l i s h e d ,  t h e  k i n e t i c  mechanism was s i m p l i -  

The new mechanism modeled t h e  p res -  

f i e d  by remov ing  r e a c t i o n s  t h a t  were found  t o  be u n i m p o r t a n t  when f i t t i n g  t h e  
p r e s e n t  d a t a .  I t  was a t  t h i s  t i m e  t h a t  we encountered  one o f  t h e  p i t f a l l s  
a s s o c i a t e d  w i t h  mechanism s i m p l i f i c a t i o n .  
e n t  d a t a  v e r y  w e l l ,  b u t  c o m p l e t e l y  missed t h e  h igh -p ressu re  d a t a  o f  S k i n n e r  
( r e f .  l l), and i n  some cases i g n i t i o n  d i d  n o t  o c c u r .  T h i s  was because t h e  
r e a c t i o n  pathway 

H02 + H202 + OH + H 

was o m i t t e d  i n  t h e  reduced mechanism. T h i s  pathway i s  v e r y  i m p o r t a n t  i n  t h e  
h igh-pressure  r e g i o n  where t h e  r a t e  o f  p r o d u c t i o n  o f  H02 v i a  r e a c t i o n  (4) i s  
much f a s t e r  t han  t h e  r a t e  o f  b r a n c h i n g  v i a  r e a c t i o n  ( 2 ) .  T h i s  i l l u s t r a t e s  how 
reduc ing  a d e t a i l e d  k i n e t i c  mechanism t o  o n l y  t h e  i m p o r t a n t  r e a c t i o n s  f o r  a 
l i m i t e d  range o f  exper imen ta l  d a t a  can render  t h e  mechanism use less  f o r  o t h e r  
t e s t  c o n d i t i o n s .  

4 



The s e t  o f  r a t e  c o n s t a n t s  used f o r  r e a c t i o n s  (13)  t o  (19 )  was taken  from 
Dixon-Lewis ( r e f .  12) r a t h e r  than  L l o y d  ( r e f .  13) because o f  t h e  d i f f e r e n c e  i n  
t h e  recommended v a l u e  f o r  r e a c t i o n  ( 1 7 ) .  

The a c t i v a t i o n  energy L l o y d  ass igned  t o  t h e  r e a c t i o n  was shown by Troe 
( r e f s .  14 and 15) t o  be i n c o r r e c t .  S ince  some of t h e  o t h e r  r e a c t i o n s  a r e  
dependent on the  r a t e  o f  t h i s  r e a c t i o n ,  t h e  r a t e  c o n s t a n t s  ass igned  t o  reac -  
t i o n s  (13)  t o  (19). were t a k e n  from r e f e r e n c e  12. The b e s t  f i t  t o  t h e  h i g h -  
p ressu re  d a t a  r e q u i r e d  a 20-percent  i n c r e a s e  i n  t h e  r a t e  c o n s t a n t  f o r  r e a c t i o n  
(19) :  

H202 + M + OH + OH + M (19)  

Comparison o f  K i n e t i c  Model w i t h  Exper imen ta l  Da ta  

A comparison of i g n i t i o n  d e l a y  t i m e s  p r e d i c t e d  by t h e  k i n e t i c  model and 
those measured for t h e  p r e s e n t  hydrogen-oxygen m i x t u r e  and for t h e  h i g h -  
p ressu re  d a t a  of Sk inne r  a r e  shown i n  f i g u r e s  4 and 5. Both s e t s  o f  d a t a  a r e  
modeled v e r y  w e l l  by t h e  k i n e t i c  mechanism. One may wonder whether a k i n e t i c  
mechanism developed from shock-tube measurements o f  gas m i x t u r e s  h i g h l y  d i l u t e d  
w i t h  argon can be used f o r  mode l i ng  p r a c t i c a l  gas systems. 
hyd rogen-a i r  i g n i t i o n  d e l a y  t i m e  d a t a  o f  S l a c k  ( r e f .  16) a l l o w s  one t o  t e s t  
t h e  a p p r o p r i a t e n e s s  o f  such an approach t o  k i n e t i c  mode l i ng .  

The s t o i c h i o m e t r i c  

S l a c k  measured i g n i t i o n  d e l a y  t imes  f o r  s t o i c h i o m e t r i c  hyd rogen-a i r  ove r  
t h e  temperature range 1450 t o  850 K and a t  f o u r  p ressu res  (2.0,  1.0, 0.5,  and 
0.27 atm).  The comparison o f  t h e  i g n i t i o n  d e l a y  t imes  p r e d i c t e d  b y  o u r  p ro -  
posed model and S l a c k ' s  d a t a  i s  shown i n  f i g u r e  6.  I g n i t i o n  d e l a y  t i m e s  were 
c a l c u l a t e d  w i t h  n i t r o g e n  and oxygen t h i r d - b o d y  e f f i c i e n c i e s  o f  1 . 5  and 1.3. 
The b e s t  f i t  t o  t h e  d a t a  was o b t a i n e d  f o r  an e f f i c i e n c y  o f  1.3,  which i s  t h e  
va lue  recommended by Bau lch  ( r e f .  8 ) .  The model p r e d i c t i o n s  a r e  i n  good agree- 
ment w i t h  t h e  d a t a  for t h e  t h r e e  h i g h e s t  p ressu res  and f o r  tempera tu res  above 
950 K .  The d isagreement  between t h e  model p r e d i c t i o n s  and t h e  0.27-atm d a t a  
i s  somewhat s u r p r i s i n g .  A t  t h i s  p ressu re  i g n i t i o n  i s  de te rm ined  by r e a c t i o n s  
( 2 1 ,  ( 3 1 ,  and ( 7 1 ,  which a r e  a l l  w e l l  known. I t  i s  b e l i e v e d  t h a t  t hese  d a t a  
may be a f f e c t e d  by e i t h e r  v i b r a t i o n a l  r e l a x a t i o n  o f  n i t r o g e n  or t h e  maximum 
t e s t  t i m e  beh ind  v e r y  low p r e s s u r e  shock waves. The l a c k  o f  agreement between 
t h e  model p r e d i c t i o n s  and t h e  d a t a  below 950 K i s  t h e  same b e h a v i o r  t h a t  H i t c h  
r e p o r t e d  ( r e f .  17) .  They s t u d i e d  t h r e e  hyd rogen-a i r  k i n e t i c  mechanisms and 
found  t h a t  a l l  t h r e e  models p r e d i c t e d  l o n g e r  d e l a y  t i m e s  i n  t h i s  tempera tu re  
r e g i o n  than  S l a c k  measured. T h i s  prompted us t o  i n s p e c t  these d a t a  p o i n t s  more 
c l o s e l y .  Two o b s e r v a t i o n s  became apparen t .  F i r s t ,  t h e  0.5-  and 1.0-atm d a t a  
do n o t  show t h e  l a r g e  i n c r e a s e  i n  d e l a y  t i m e  w i t h  sma l l  decrease i n  t h e  temper- 
a t u r e  t h a t  a r e  shown by S l a c k ' s  2.0-atm and o u r  1.1-atm d a t a .  Second, t h e  
l o n g e s t  d e l a y  t i m e s  measured a r e  about  1 msec. A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  
b e h a v i o r  i s  t h a t  these measured d e l a y  t i m e s  a r e  b e i n g  a f f e c t e d  b y  t h e  maximum 
a v a i l a b l e  t e s t  t ime .  

The maximum t e s t  t i m e  beh ind  a r e f l e c t e d  shock wave i s  t h e  t i m e  i n t e r v a l  
between shock r e f l e c t i o n  and t h e  a r r i v a l  of t h e  r e f l e c t e d  d i s t u r b a n c e  produced 
by t h e  i n t e r a c t i o n  between t h e  r e f l e c t e d  shock wave and t h e  c o n t a c t  s u r f a c e .  
T h i s  r e f l e c t e d  d i s t u r b a n c e  can be e i t h e r  a shock wave or a r a r e f a c t i o n  wave. 
F i g u r e  3 shows t h a t  t h e  r e f l e c t e d  d i s t u r b a n c e  for o u r  e x p e r i m e n t a l  se tup  i s  a 
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shock wave. T h i s  shock wave can e a s i l y  cause a r e a c t i n g  m i x t u r e  t o  i g n i t e .  
The maximum t e s t  t i m e  c a l c u l a t e d  f o r  o u r  t e s t  appara tus  i s  3.1 msec, wh ich  
compares w e l l  w i t h  t h e  average e x p e r i m e n t a l  v a l u e  of 3.3 msec. For t h e  appa- 
r a t u s  used by  S l a c k ,  we c a l c u l a t e d  a t e s t  t i m e  of 1.2 msec f o r  a 1 5 - f t  t e s t  
s e c t i o n  and 1.0 msec f o r  a 1 2 - f t  one. T h i s  makes i t  q u i t e  p o s s i b l e  t h a t  h i s  
low-temperature d a t a  were a f f e c t e d  by  t h i s  d i s t u r b a n c e  and t h a t  these d a t a  
p o i n t s  may n o t  be a t r u e  i n d i c a t i o n  o f  t h e  i g n i t i o n  d e l a y  t ime .  

Carbon D i o x i d e  Chaperon E f f i c i e n c y  

The chaperon e f f i c i e n c y  f o r  carbon d i o x i d e  was de termined by mode l i ng  t h e  
i g n i t i o n  d e l a y  t i m e s  o b t a i n e d  f o r  t h e  hydrogen-oxygen m i x t u r e  c o n t a i n i n g  
10 p e r c e n t  carbon d i o x i d e .  The c a l c u l a t i o n  w i t h  t h e  d e t a i l e d  mechanism i s  a 
s t r a i g h t f o r w a r d  procedure ,  as t h e  t h i r d - b o d y  e f f i c i e n c y  o f  carbon d i o x i d e  i s  
t h e  o n l y  a d j u s t a b l e  parameter .  For completeness t h e  r e a c t i o n s  o f  carbon 
d i o x i d e  w i t h  H atoms and OH r a d i c a l s  must be added t o  t h e  hydrogen-oxygen 
mechanism. 

CO + OH + CO + H 

CO + HO + CO + OH 

Note that the rate constants actually used are for the reve 
r e a c t i o n s  because t h e y  a r e  b e t t e r  known. Model p r e d i c t i o n s  
c i e n c y  of 1.0 for carbon d i o x i d e  showed t h a t  t h e  C02 molecu 
The d e l a y  t i m e s  c a l c u l a t e d  were abou t  2 p e r c e n t  l o n g e r  than  

(21) 

( 2 2 )  

se of these two 
f o r  a chaperon e f f i -  
e was n o t  i n e r t .  
t hose  c a l x u l  a t e d  

T h i s  d ' i f f e r e n c e  was produced by  t h e  s l i g h t  f o r  t h e  hydrogen-oxygen m i x t u r e .  
i n h i b i t i n g  a f f e c t  o f  r e a c t i o n  ( 2 1 > ,  which  competes w i t h  r e a c t i o n s  ( 2 )  and (4) 
f o r  H atoms. The b e s t  f i t  t o  t h e  hydrogen-oxygen-carbon d i o x i d e  d a t a  was f o r  
a chaperon e f f i c i e n c y  o f  7.0, wh ich  i s  shown i n  f i g u r e  7.  The carbon d i o x i d e  
chaperon e f f i c i e n c y  o f  7.020.2 r e l a t i v e  t o  a rgon  i s  i n  good agreement w i t h  t h e  
v a l u e  o f  7.3 found  by  Lewis and Von E lbe  ( r e f .  18) and i s  s l i g h t l y  l a r g e r  t h a n  
t h e  v a l u e  o f  5.0 recommended by  Bau lch  ( r e f .  8 ) .  However, i t  i s  much s m a l l e r  
t han  t h e  v a l u e  o f  14 r e l a t i v e  t o  n i t r o g e n  or 21 r e l a t i v e  t o  argon suggested by 
S t e i n .  Model p r e d i c t i o n s  f o r  t h i s  va lue  o f  t h e  chaperon e f f i c i e n c y  a r e  shown 
i n  f i g u r e  7. 

1 .  

2 .  

3. 
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TABLE I. - I N I T I A L  MIXTURE COMPOSITION 

d i o x i d e  

93 .96  

TABLE 11. - IGNIT ION DELAY TIMES 

( a )  H2 = 4.01 p e r c e n t ;  O2 - 2 .03  

p e r c e n t ;  Ar = 93.96 p e r c e n t  

Temper- 
a t u r e ,  

K 

1316 
1198 
1147 
1093 
1072 
1049 
1049 
1024 
1000 

994 
998 
970  
962 
959 
956 
950 
948 
945 
932 
932 
929 

P r e s s u r e ,  
atm 

1.272 
1.224 
1.264 
1.163 
1.125 
1.081 
1.081 
1.034 
1.089 
1.077 
1.065 
1.032 
1.107 
1.102 
1.060 
1.049 
1.078 
1.073 
1.044 
1.044 
1.039 

D e l a y  t i m e  
psec  

107 
199.5 
259 
387 
516 
636 
607 
81 1 

1044 
1067 
1099 
1285 
1748 
1763 
1678 
202 1 
1859 
1983 
2738 
2622 
2896 

( b )  H2 = 4.01 p e r c e n t ;  O2 = 2.03 

p e r c e n t ;  Ar = 83.96 p e r c e n t ;  

CO2 = 10.00 p e r c e n t  

Temper- 
a t u r e ,  

K 

1248 
1243 
1207 
1146 
1110 
1073 
1070 
1067 
1029 
1026 
1026 

997 
996 
980  
969 
961 
955 

P r e s s u r e ,  
atm 

1.113 
1.034 
1 . 1 5 5  
1.115 
1 .os0 
1.127 
1.120 
1.170 
1.145 
1.113 
1.113 
1.050 
1.101 
1.063 
1.109 
1.114 
1.124 

Delay t i m e ,  
psec  

180 
180 
21 7 
320 
443 
480  
563 
564 
832 
81 7 
92 5 

1363 
1139 

2151 
2292 
2577 

1588 
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TABLE 111. - HYDROGEN-OXYGEN REACTIONS 

R e a c t i o n  

1 OH + H2 + 
H20 + H 

2 H +  0 2 +  O H +  0 

3 O +  H 2 +  O H +  H 

b4 H +  0 2 +  M + H 0 2 + M  

5 H 2 +  M +  H +  H + M  

6 0 2 +  M +  O +  O + M  
7 H2 + O2 + OH + OH 

'8 H20+ M +  H + O H + M  

9 0 + H20 + OH + OH 

I O  H + H02 + H2 + O2 

11 0 + H02 + OH + O2 

12 H + H02 + OH + OH 

13 OH + H02 + H20 + O2 
14 H + H02 + 0 + H20 
15 H2 + H02 + H202 + H 

16 OH + H202 + H20 + H02 
17 H02 + H02 + H202 + O2 

18 H + H202 + OH + H20 
19 M + H202 + OH + OH 

!O O +  H +  M +  O H + M  

!1 CO + OH + C02 + H 

!2 CO + H02 + C02 + OH 

A d j u s t -  
ment  

f a c t o r  

R a t e  c o e f f i c i e n t a  

A 

13  2 .1x10 

1 . 3 8 x 1 0 l 4  

2 . 9 6 ~ 1 0 ~  
18 2 . 1 x 1 0  

2 . 2 x 1 ~ 1 4  
18  1 . 8 ~ 1 0  

1 . 7 ~ 0  

2 . 2 x 1 0  

6.  8x101 

1 . 4 ~ 1 0  

5 . O x l O 1  
1 4  1 . 7 ~ 1 0  

8 . 0 ~ 1 0 "  
13  1 . 7 ~ 1 0  

6 . 0 ~ 1 0 ~ ~  

6 . 1 ~ 1 0 ~ '  

7 .  8x101 

13  

16  

13  

2 .ox1 o1 

1 . 2 x 1 0 ~ ~  
18 7 . 1 ~ 1 0  

4 . 1 7 ~ 1 0 ~ ~  

5 . 7 5 ~ 1 0 ~  

ak = ATne-E/RT cm3mol e-1 sec-1 or crn6rnol e-2sec-1 . 

- 
n 

0 

0 

0 

-1 .o 
0 

-1 .o 
0 

-1 .o 
0 

0 
- 

E 

5 1 0 0  

16  400 

9 8 0 0  
- - - - - - - 

96 000 
118 020 

48 150 

105 140 

18  365 
- - - - - - - 

1 000 

1 0 7 0  

2 9 8 0  

1 0 7 0  

18  500 

1 4 3 0  
- - - - - - - 

- -- - - - - 
45 5 1 0  

-_ - - - _- 
1 000 

22 930 

R e f e r -  
ence 

19 

20 

19 

23 

8 
22  

10 

8 

a 
12 

13 

12 

12 

12 

12 

12  

12 

12 

12 

1 

19  

21 

b T h i r d  body e f f i c i e n c i e s  r e l a t i v e  t o  A r  = 1 :  
R e a c t i o n  ( 4 )  02 = N2 = 1 . 3 ;  H2 = 3 . 5 ;  C02 = 7 . 0 ;  H20 = 21 .3  
R e a c t i o n  ( 8 )  0 2  = N2 = H2 = 4 .2 ;  H20 = 16.7; CO2 = 7.5.  
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ORIGINAL PAGE rs 
OF POOR QUALITY 

FIGURE 1. - SHOCK VELOCITY MEASUREMENT OF INCIDENT SHOCK WAVE. OUTPUT FROM QUATZ PRESSURE 
TRANSDUCERS LOCATED 83 AND 7 MM FROM THE END WALL. 
( 1 ,  TO t 2 ) ,  116.8 pSEC: TIME PER POINT, 0.2 pSEC 

TIME FOR SHOCK WAVE TO TRAVEL 76 EIM 

FIGURE 2. - IGNITION DELAY TIME MEASUREMENT BEHIND REFLECTED SHOCK WAVE. TIME ZERO IS THE 
TIME AT WHICH THE REFLECTED SHOCK ARRIVES AT THE FRONT EDGE OF THE PROBE (END OF P 2 ) .  
IGNITION TINE IS MEASURED FROM TIME ZERO TO THE BEGINNING OF THE GRADUAL R ISE I N  PRES- 
SURE: P g  IS REFLECTED SHOCK PRESSURE. 
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FIGURE 3. - MAXIMUM TEST TIME FOR EXPERIMENTAL SETUP. THE DISTURBANCE WHICH PROPAGATES 
INTO THE TEST GAS IS A SHOCK WAVE. WHICH RESULTED FROM THE INTERACTION BETWEEN THE 
REFLECTED SHOCK WAVE AND THE CONTACT SURFACE. MAXIMUM TEST TIME. 3 . 3  pSEC.  

“‘03 0 EXPERIMENT - KINETIC MODEL 
L -- SCHOTT’S INCIDENT 

P SHOCK TUBE DATA 
E 2  

c 

Y) 1 

W = 
z 
2 ’  PI 

r 
s .4 
d 

.8 

.6 
X 

I- 

r 
0 t . 2  

z r 

.l 
.75 .80 .85 .90 .95 1.0 1.05 1.10 

RECIPROCAL TEMPERATURE, 1031~. K - ~  

FIGURE 4. - PRODUCT OF IGNIT ION DELAY TIME 
AND PRESSURE PLOTTED VERSUS RECIPROCAL 
TEMPERATURE FOR 4 PERCENT H2 - 2 PERCENT 
O2 - 94 PERCENT AR MIXTURE. 

12 

4Ox1O3 

0 

::I , , , , 
. 1  

.90 .95 1.0 1.05 1.10 
RECIPROCAL TEMPERATURE, 1031~. ~ - 1  

FIGURE 5. - IGNIT ION DELAY TIMES 
MEASURED BY SKINNER AT P = 5.0 

CENT O2 - 90 PERCENT AR MIXTURE. 
ATM FOR 8 PERCENT H2 - 2 PER- 



PRESSURE. THIRD BODY 
P EFFICIENCY 

OF NITROGEN 
--- ---} EXPERINEN1 

0 2.0 
& . 5  

) mlDEL 
- 2.0 1.5 

.5 1.3 _--- 

104 
t a 

102 

0 

0 
1 .o 

.27 ---} --- EXPERINEN7 

} NOEL 
- 1.0 1.5 ---- .27 1.3 

I I I I 
.6 .7 .8 .9 1.0 1.1 1.2 

RECIPROCAL TEMPERATURE. 103/~, ~ - 1  
FIGURE 6. - CWARISON OF KINETIC NOEL WITH 

STOl CH IOPlETR I C HYDROGEN-AI R IGNITION DELAY 
T I E S  NEASURED BY SLACK. 

ORIGINAL PAGE IS 
OF POOR QUALI'lT 
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7 
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3 
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FIGURE 7. - PRODUCT OF IGNITION DELAY 
TINE AND PRESSURE VERSUS RECIPROCAL 
TWERATURE FOR 4 PERCENT H2 - 
2 PERCENT 02 - 10 PERCENT C02 - 
84 PERCENT AR NIXTURE. 
THE DATA BY THE KINETIC NECHANIM 
WAS FOR NtC02 = 7.0). 
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